Ependymal cilia line the ventricular system moving cerebral spinal fluid close to the brain surface. They may be exposed to fluid of increasing viscosity in certain pathological conditions such as bacterial meningitis. Our aim was to determine the effect of increasing viscosity on ciliary function.
Introduction
The physiological roles of ependymal cilia are still poorly understood. Beating ependymal cilia move CSF, in close proximity to the cerebral ventricles and aqueducts they line, in a predictable direction [4, 22] . Recent work suggests that the movement of CSF by ependymal cilia is required for the establishment of a concentration gradient of CSF guidance molecules that direct the migration of neuroblasts to various brain regions [21] . Ependymal cilia are also thought to play a role in host defence keeping the surface of the brain clear of debris. It is of interest that abnormal ciliary function has been associated with the development of ventricular dilatation and hydrocephalus in a number of studies [2, 8, 12, 16] .
We have recently shown that intracerebroventricular antisense knockdown of Gα i2 results in ciliary stasis and ventricular dilatation in rats [16] . An inhibitor of ciliary movement, metavanadate, has also been shown to induce hydrocephalus in rats [17] . Hydrocephalus is also seen in patients and especially small animals with primary ciliary dyskinesia (PCD) [12, 13] . PCD is an inherited condition where all of the body's normally motile cilia are either stationary or move in a dyskinetic way that makes them inefficient in propelling fluid or mucus. Administration of virus or bacteria to the CSF, in animal models of meningitis, has been associated with ependymal damage and hydrocephalus [10, 11] . Whilst bacteria and their toxins [6, 7, 15] have been shown to adversely affect ciliary function other factors including the inflammatory response may have contribute to the toxicity seen. It is known that CSF protein can alter the viscocity of the CSF [3] however the effect of meningitis induced increases in CSF protein on ependymal ciliary function has not been studied.
The aim of this study was to determine the effects of viscosity on ependymal ciliary function as measured by changes in ciliary beat frequency and beat amplitude.
Materials and methods

Tissue preparation:
The brains of Wistar rats (9-15 days of age) were dissected following sacrifice by cervical dislocation. Coronal brain slices from the floor of the 4th ventricle of Wistar rats (10-15 days of age) were prepared immediately after sacrifice and mounted in a well containing 4 ml of Medium 199 with Earl's salts (pH7.4: plus penicillin 50u/ml and streptomycin 50 g/ml). This preparation resulted in a reproducible side on profile of aligned ependymal cells and cilia. Samples were enclosed in a purpose designed environmental chamber which maintained the solution at 37 o C, and the surrounding air at humidity at 80% to minimise evaporation. Ciliary movement was observed using a x50 water immersion lens using
Kohler illumination on a diaphot inverted microscope (Nikon, UK).
Measurement of ciliary beat frequency:
Beating ciliated edges were recorded by a high-speed video camera (Kodak EktaPro Motion Analyser, Model 1012) at a rate of 400 frames per second. The camera allowed video sequences to be down loaded at reduced frame rates, allowing ciliary beat frequency to be determined directly by timing a given number of individual ciliary beat cycles. At each time point of the study ciliary beat frequency was measured at 4 different areas along each ependymal strip. Only intact, undisrupted, ciliated strips in excess of 100 m were studied.
Viscosity measurement:
Viscosity was determined in accordance with the British Standards guidelines (1977) using an Ubbelohde viscometer.
The kinematic viscosity was calculated from the measured flow time and the calibration factor of the viscometer. The density was measured at the same temperature as the determination of kinematic viscosity allowing the product of the two, the dynamic viscosity at that temperature, to be calculated.
Kinematic viscosity (v)
. v = C t where t is the mean flow time (in seconds); C is the factor for the viscometer, given in its calibration certificate. 
Effect of viscous loading on ciliary beat frequency:
Ependymal strips were incubated at 37 o C for 15 minutes prior to initial readings. A second reading was made 15 minutes later. The Medium 199 bathing the ependyma was then exchanged with one of the experimental solutions. adjusted to a pH 7.3 was made. The amount of sucrose required to increase the osmolality up to 375, and to produce a solution with only 90mmol/l of Na was determined and the dynamic viscosity measured.
Effect of viscous loading on the range of ciliary motion:
The effect of viscous load on the distance travelled by the tip of a single ependymal cilium during its power stroke was determined. Brain slices were stored in Medium 199 with Earl's salts (pH7.4: plus penicillin 50u/ml and streptomycin 50 g/ml), at 37 o C for 30 minutes, and ciliary motion recorded at a frame rate of 400 per second. The bathing solution was then exchanged for a preheated (37 o C) solution of either 24 cP(n=7), 40 cP (n=6), or 60 cP (n=8). Ciliary motion was recorded, again, after twenty minutes. The position of the cilium (magnified 1500 times) was stored at intervals of 6 2.5 milliseconds. The distance travelled by the tip of the cilium was measured during its forward stroke. This was divided by the ciliary length. This was to offset any differences in measurement due to the increased refractive index of the more viscous solutions. This index was used to compare initial movement with that following fluid exchange with results expressed as a percentage of the cilium's movement in Medium 199.
Electron Microscopy:
The brain slices were fixed in Sorensens phosphate buffered (pH 7.4) gluteraldehyde (4%w/v). After post-fixation in osmium tetroxide (1%w/v), samples were dehydrated through graded ethanols and immersed in hexamethyldisilazane (HMDS). The HMDS evaporated leaving dry tissue with no phase boundary damage (damage caused to the tissue by pressure differences of the air/liquid interface).
Statistical analysis:
A split unit analysis of variance was performed with two factors, viscosity and time. The effect of viscosity was assessed relative to the between slice variability, while the effects of time and the interaction between viscosity and time were assessed relative to the within slice variability. To determine the effect of exchanging the control medium with an artificial CSF or with a low sodium CSF, the means of the duplicate values were analysed. Paired t tests were performed to compare artificial CSF (aCSF) with control and low sodium CSF with control. A two-sample t test was used to compare the mean change from control for the two media.
To determine the effect of changing viscosity on beat amplitude a one way analysis of variance was used to compare the three viscosities (24, 40, and 60cP) studied. The Bonferroni procedure was used to compare every pair of means. For each viscosity a one sample t-test was used to compare results to readings obtained in Medium 199.
Results
The mean (SD) baseline ciliary beat frequency measured after 30 minutes incubation in Medium 199 solution at 37 o C was 34.9(2.9) Hz. Increased viscous loading was followed by a rapid decrease in frequency of ependymal cilia. After 15 minutes of exposure to the increased viscous load the beat frequency reached a new equilibrium value that remained fairly stable while the viscous load was maintained.
The beat frequency decreased to 84% of base line readings with the addition of a solution with a viscosity of 3.7cP to 66% at 10.4cP and 30 % at 24cP. Further viscous loading at levels up to 60cP resulted in no further suppression of ependymal ciliary frequency, however the ciliary beat amplitude was decreased. When the analysis was restricted to viscosities of 24cP or more there was no significant interaction between viscosity and time (P=0.29) and no significant effect of viscosity (P=0.47). The time course of the effect of viscous loading on the frequency of ependymal cilia is shown in Figure 1 A-F. The dose finding graph for the inhibition of ciliary beat frequency at 90 minutes (Figure 2A ), indicated an approximate 50% inhibitory viscosity of 13cP.
The effect of viscous load on ciliary beat amplitude after equilibration at 24cp, 40cP and 60cP compared to base line readings are shown in figure 2B . The analysis of variance used to compare the effect of the 3 viscosities (24, 40, and 60cP) on ciliary amplitude showed highly significant differences between the three means (p<0.001). The highest viscosity was significantly different from either of the other two viscosities. A one sample t test comparing the mean % amplitude with 100% was only significant for the 60cP solution.
There was no significant difference in ciliary beat frequency between the artificial CSF and control or between low sodium CSF and control (data not shown). Exchange of Medium 199 with artificial CSF or artificial CSF with a high osmolality (388mosmol/l) and low sodium concentration (91mmol/l) resulted in a 9.8% and 7% increase in ciliary beat frequency respectively.
Scanning electron microscopy revealed even brain sections through the floor of the 4 th ventricle. Ciliated ependymal cells were present over the entire floor of the ventricle ( Figure 3A) . The ependymal cilia were approximately 8μm in length and each cell had about 40cilia ( Figure 3B ). The alignment of the cilia was predictive of CSF directional flow ( Figure 3 A and B) .
Discussion
We have shown that increasing the viscosity of fluid surrounding brain ependymal cilia results in a rapid decrease in ciliary beat frequency. Once this rapid decrease in beat frequency occurred cilia beat at their new, lower, frequency for the remainder of the study period. Viscous loading of 3.7 cP, 10.4 cP and 24cP caused a progressive decrease in ciliary beat frequency. At viscosities up to 40cP the distance moved by the cilia tip during its active stroke, the ciliary amplitude, did not change. However, while further viscous loading of up to 60cP did not depress beat frequency further, this viscosity did significantly decrease the ciliary beat amplitude.
Other than the observed effects on ciliary beat frequency and beat amplitude, there was very little visible effect of the viscous loading on the coordination of the ciliary beat cycle.
Our results are not dissimilar to those of Machemer, who showed that in the water propelling cilia of Paramecium, as viscosity is raised the polarization of the ciliary cycle in time and space is reduced, and the frequency of peristomal cilia decreases with rising viscosity [14] . Machemer found the percentage decrease in beat frequency with viscous loading was similar to the decrease in frequency seen in this study when similar viscous loads were applied to ependymal cilia.
It must be noted however, that our data are not directly comparable with Machemar because ependymal cilia have a different cellular function to the cilia of the paramecium.
Although water-propelling cilia do appear to be able to adapt to increasing viscosity they do not appear to be as well adapted as mucous propelling respiratory cilia [9] . Johnson and colleagues [9] found that mucous propelling cilia of the respiratory tract from confluent clusters of cells or single cells showed autoregulatory properties when exposed to an increased viscous load. Despite the use of viscous loads, that were considerably higher (1-150cP) than those used in our experiments, the beat amplitude and frequency exhibited only slight variations over viscosities ranging from 12-150cP.
Johnson and colleagues found that when they increased the viscous load beyond 180cP, ciliary activity became unpredictable [9] . Cilia on some cells stopped beating whilst others were observed to develop a fibrillatory beat pattern of high frequency and short amplitude. Andrade and colleagues also found ciliary beat frequency decreased with increasing viscosities up to 30cP but there was no further decrease in frequency at viscosities up to 210cP [1] . This ability to auto regulate activity is not secondary to an external nerve mediated reflex as cultured monolayers are devoid of nerve terminals. It is not immediately clear why ependymal cilia did not tolerate viscous loading as well as respiratory cilia. There are, however, significant differences between ependymal and respiratory cilia. Ependymal cilia cells is approximately twice that of respiratory cilia. Ependymal cilia are also longer than respiratory cilia. We are confident of our observations as the use of modern high speed digital imaging gave excellent resolution allowing us to determine beat frequency by direct observation and to assess beat pattern. This is a major advantage over the systems used in the study by Johnson and Andrade that relied on measurement of ciliary beat frequency using indirect methods [1, 9] .
It is unlikely, in our study, that the ciliary activity decreased the apparent viscosity of the Medium 199-dextran solutions as such solutions have been shown to behave as Newtonian fluids when exposed to shear rates much higher than those produced by ciliary activity. The possibility of the lower sodium and higher osmolality of the high dextran solutions being responsible for the decrease in ciliary beat frequency is also unlikely as a solution of similar sodium concentration and osmolality but of low viscosity did not affect ciliary beat frequency.
The ability of cilia to respond to increasing viscous loading may be due to cellular reactions to changes in mechanical load or be due to inbuilt properties of the ciliary axoneme. Ciliated cells are mechanosensitive. Stimulation of the apical surface of a single ciliated cell with a glass microprobe elevates the ciliary beat frequency of the stimulated and adjacent cells [19, 20] . The increase in beat frequency of each cell occurs after a lag-phase and is proportional to the distance from the stimulated cell. Stimulation of a non-ciliated cell, adjacent to ciliated cells, also increased their beat frequency. A mechanical stimulus to either a ciliated or non-ciliated cell induces an immediate increase in intra cellular Ca 2+ at the contact point which spreads throughout the cell. After approximately half a second, a wave of increasing intracellular Ca 2+ occurs in adjacent cells travelling across up to 7 cells. The rise in intracellular Ca 2+ always preceded an increase in ciliary beat frequency [18] . The axoneme may also play a role as demembranated-ATP-reactivated axonemes of newt lung ciliated cells, under conditions in which calcium concentrations are kept constant, appear to autoregulate beat frequency under increased viscous loads [5] . Insight into the mechanism of autoregulation of ciliary beat frequency following exposure to changes in viscosity has been provided in a recent study by Andrade and colleagues [1] . They found that changes in mucous viscosity activates transient receptive potential vanilloid 4 (TRPV4) like channel that elevates intracellular Ca 2+ . They also found channel opening requires the activity of Phosphalipase A 2 (PLA 2 ) and occurs at high viscous loads allowing the cilia to adapt to a wide range of viscosities.
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The importance of our findings in relation to mechanisms that occur in meningitis can only be inferred. We have successfully collected CSF from an adult rat with meningitis, but due to the very low volumes collected (0.2ml maximum) we were unable to use it in our studies. In summary here we show that increasing viscosity of the CSF or viscous material found in the ventricular system will adversely affect ependymal ciliary function. 
